Abundant evidence has shown that osteocytes are the key mechanonsensors in bone and act as a direct regulator of the boneforming osteoblast and bone-removing osteoclast activities. Osteocytes in vivo experience complex fluid shear flow patterns to activate biochemical pathways. The actin and microtubule (MT) cytoskeletons have been shown to play an important role in the osteocyte's biochemical response to fluid shear loading (1-3). Due to high intercellular variability, it has been difficult to study the behavior of the intracellular actin and MT networks and their interactions. Furthermore, the dynamic nature of physiologically relevant fluid flow profiles (i.e. 1 Hz oscillatory flow) impedes the ability to image and study cytoskeletal behavior simultaneously in the same cell with high spatiotemporal resolution. To overcome these limitations, a multi-emission quasi-3D microscopy technique was developed and used in this study. The actin and MT networks were tracked in two orthogonal planes simultaneously in the same cell to observe the spatiotemporal differences of the two networks under dynamic oscillatory fluid shear loading.
INTRODUCTION
Abundant evidence has shown that osteocytes are the key mechanonsensors in bone and act as a direct regulator of the boneforming osteoblast and bone-removing osteoclast activities. Osteocytes in vivo experience complex fluid shear flow patterns to activate biochemical pathways. The actin and microtubule (MT) cytoskeletons have been shown to play an important role in the osteocyte's biochemical response to fluid shear loading (1-3). Due to high intercellular variability, it has been difficult to study the behavior of the intracellular actin and MT networks and their interactions. Furthermore, the dynamic nature of physiologically relevant fluid flow profiles (i.e. 1 Hz oscillatory flow) impedes the ability to image and study cytoskeletal behavior simultaneously in the same cell with high spatiotemporal resolution. To overcome these limitations, a multi-emission quasi-3D microscopy technique was developed and used in this study. The actin and MT networks were tracked in two orthogonal planes simultaneously in the same cell to observe the spatiotemporal differences of the two networks under dynamic oscillatory fluid shear loading.
METHODS

Quasi-3D Microscopy
The basic quasi-3D design is presented in a previous study from our laboratory (4). In brief, an inverted microscope and an upright microscope with a 45° mirror in its lightpath focus on a single cell in 2 orthogonal planes, dubbed "bottom-view" and "side-view," simultaneously using two EMCCD cameras (Fig. 1) . For this study, beamsplitters were added onto the system to allow simultaneous collection of up to 4 emission channels. Emission filters were added to allow collection of cyan CFP and far-red mkate2 fluorescent emission. To achieve simultaneous dye excitation, a multi-band excitation filter was added to a xenon lamp light source to excite CFP and mkate2. A custom-made dichroic was placed in the microscopes to reflect the excitation bands and pass-through the emission bands to the beamsplitter.
Figure 1:
Schematic of the multi-emission quasi-3D system. The TagCFP-actin and mkate2-MT fluorescently tagged proteins are simultaneously excited using a dual-excitation filter. The emissions are collected using a beamsplitter, allowing a truly simultaneous acquisition of the actin and MT networks. 3D axes are defined.
Cell Culture MLO-Y4 osteocyte-like cells were double transfected with F-actin and MT fluorescent probe plasmids to observe both networks simultaneously. The Lifeact live-cell F-actin probe (5) was cloned into a TagCFP fusion plasmid to allow visualization of F-actin dynamics in cyan. The EMTB (ensconsin microtubule binding domain) MT probe (6) was cloned into an mkate2 fusion plasmid to allow visualization of MT dynamics in red/far-red. The fluorescent protein variants were chosen to minimize spectral bleedthrough during simultaneous acquisition. Fluid Flow Cells were plated on narrow glass slides for 40 minutes to ensure a fully attached, rounded in vivo cell shape. The slides were then placed into a square glass tube for imaging and flow. Steady, unidirectional fluid flow (n=8) at a wall shear stress of 1 Pa or 1 Hz sinusoidal, oscillatory fluid flow (n=7) with a peak wall shear stress of 1 Pa were applied. An individual cell was imaged in quasi-3D at 10Hz. Image Analysis Intracellular displacement fields of the actin and MT networks were obtained for both views using digital image correlation (4, 7). Displacement fields were first smoothed with a bilinear least squares filter and then differentiated using a thin-plate spline algorithm (8) . Finite Lagrangian strain fields were then calculated (three bottom-view strains: Eyy, bottom-view Exx, and shear Exy; and three side-view strains: Ezz, side-view Exx, and shear Exz). 
RESULTS AND DISCUSSION
Both steady and oscillatory fluid shear flow created predominantly shear Exz strains in both networks, with a few cells experiencing significant normal strains. Additionally, shear strain was only visible in side-view, emphasizing the 3D nature of strain development in osteocytes. Steady flow produced creep-and creep recovery-like behavior in both actin and MT networks (Fig. 2B) . Oscillatory flow produced oscillating shear Exz strains in 100% of the actin networks (Fig. 2C ), but only in 30% of the MT networks. Direct paired statistical comparisons of the actin and MT strains within a single cell were possible, and the strain patterns between networks in both steady and oscillatory flow were distinct (Fig. 3) . Under steady flow, MT networks had higher shear strain in the apical areas of the cell, but actin networks had higher shear strain in the basal areas of the cell (p<0.05), possibly highlighting the heterogeneous mechanical contributions of the two networks. To our knowledge, this is the first simultaneous tracking of both the actin and MT networks in a cellular context. The multi-emission quasi-3D system was able to directly compare the two networks' responses to fluid shear loading within a single cell. The temporal resolution of the quasi-3D system allowed full coverage of the dynamic loading profiles that osteocytes experience in vivo.
SIGNIFICANCE
Physical forces have been increasingly implicated in normal physiological and pathological cellular activities of osteocytes. The ability to visualize and quantify the 3D dynamics of the osteocyte's intracellular cytoskeletal structures in real-time is critical in understanding osteocyte mechanobiology.
